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We introduce a model gel system in which colloidal forces, structure, and rheology are measured by 
balancing the requirements of rheological and microscopy techniques with those of optical tweezers. 
Sterically stabilized poly(methyl methacrylate) (PMMA) colloids are suspended in cyclohexane (CH) and 
cyclohexyl bromide (CHB) with dilute polystyrene serving as a depletion agent. A solvent comprising of 
37% weight fraction CH (wCH = 0.37) provides sufficient refractive index contrast to enable optical 
trapping, while maintaining good confocal imaging quality and minimal sedimentation effects on the bulk 
rheology. At this condition, and at a depletant concentration c = 8.64 mg/mL (c/c* = 0.81), results from 
optical trapping show that 50% of bonds rupture at (3.3 ± 0.5) pN. The linear strain-dependent elastic 
modulus of the corresponding gel (ϕ = 0.20) is G’ = (1.8 ± 0.6) Pa, and the mean contact number of the 
particles in the gel structure is ‹z› = 5.4 ± 0.1. These structural and rheological parameters are similar to 
colloidal gels that are weakly aggregating and cluster-like. Thus, the model gel yields a concomitant 
characterization of the interparticle forces, microstructure, and bulk rheology in a single experimental 
system, thereby introducing the simultaneous comparison of these experimental measures to models and 
simulations. 
 
 
I. INTRODUCTION 
The solid-like elastic properties in colloidal gels, which 
have significant technological and scientific applications 
[Lu et al. (1997); Drury and Mooney (2003); Huh et al. 
(2007); Helgeson et al. (2012)], are a result of the three-
dimensional stress-bearing structures that are formed by 
physical or chemical attraction between the individual 
components of the network [Vermant and Solomon (2005); 
Zaccarelli (2007)].  The short range of the interactions used 
to induce gelation and distinct separation of bound and 
unbound states between particles is analogous to physical 
or chemical bonds between molecules and macromolecules. 
Bond rupture occurs when a sufficiently large force is 
applied to overcome the deep potential wells. This 
phenomenon is known as yielding, in which structural 
evolution such as local rearrangement [Park and Ahn 
(2013)], bond and cage breakage [Koumakis and Petekidis 
(2011)], and flow anisotropy occur [Rajaram and Mohraz 
(2010); Hoekstra et al. (2003)]. These complex structural 
changes are manifest in the yield stress and other 
rheological measures such as the nonlinear creep 
compliance [Gopalakrishnan and Zukoski (2007)] and the 
relaxation modulus [Yin and Solomon (2008)]. The 
microscopic origins of rheological phenomenon are 
commonly probed through a combination of rheometry and 
characterization of the local structure and dynamics, either 
by direct visualization [Schall et al. (2007); Masschaele et 
al. (2011); Cheng et al. (2011); Emady et al. (2013); Lee 
and Furst (2008)] or by scattering methods [Vermant et al. 
(1998); Varadan and Solomon (2001); Maranzano and 
Wagner (2001); Mohraz and Solomon (2005); 
Ramakrishnan et al. (2005); Reddy et al. (2012)]. 
Micromechanical models seek to predict the rheological 
properties of gels in shear flow based on the transient 
microstructure and were originally developed for fractal 
gels at low volume fractions [Shih et al. (1990); West et al. 
(1994); Potanin (1994)]. Current models show system-
specific discrepancies in the power-law scaling between 
nonlinear rheology and interparticle attraction [Studart et al. 
(2011); Hess and Aksel (2013)]. Despite the importance of 
the particle-level forces that give rise to gelation and the 
viscoelastic response in shear flow, none of these scaling 
laws accounts for the spectrum of forces and relaxation 
time scales responsible for bond rupture [Evans (1998); 
Swan et al. (2012)]. Instead, models rely on the athermal 
force limit of rupture as an input [Studart et al. (2011)], 
where the maximum slope of the potential is used to predict 
the force required for particles to escape from the potential 
minimum. For instance, the athermal limits of the van der 
Waals attraction and depletion interaction encountered in 
many colloidal systems can be analytically obtained from 
classical derivations at dilute limits [Asakura and Oosawa 
(1958); Russel et al. (1989)]. Despite its simplicity, the 
assumption of a singular force that is responsible for bond 
rupture is problematic because of the stochastic nature of 
bond breaking [Kramers (1940)]. External fields (such as 
gravity or an applied strain acting on a colloidal gel) can 
lower the energy barrier [Fielding et al. (2000); Manley et 
al. (2004)], making it possible for bonds to rupture at a 
force below the athermal limit. A realistic micromechanical 
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model should account for the effect of field-induced 
thermal fluctuations on the probability of bond rupture.  
Direct manipulation of colloids using optical and 
magnetic tweezers for instance, is a suitable method to 
determine the distribution of particle-level forces 
responsible for linear and nonlinear rheology [Crocker et al. 
(1998); Sriram et al. (2009); Rich et al. (2011); Swan et al. 
(2012); Pantina and Furst (2008); Furst and Pantina (2007); 
Pantina and Furst (2006); Pantina and Furst (2005)]. 
Nevertheless, a model depletion-driven system that allows 
for direct force measurements has not been reported in the 
literature due to the challenges in satisfying a number of 
experimental limitations, particularly if force measurements 
are sought in a system in which rheology and 
microstructure can also be measured.  Characterization of 
3D gel microstructure using confocal microscopy requires a 
close refractive index match between the colloids and the 
solvent. In addition, systems are commonly density-
matched to minimize sedimentation effects on 
microstructure and rheology. Most studies incorporate a 
specific solvent mixture to meet these requirements [Royall 
et al. (2003); Dibble et al. (2006); Chan and Mohraz 
(2012)]. The low refractive index contrast between the 
particles and the solvent in this type of model system 
prevents the measurement of thermal rupture forces. Here, 
we present a colloidal system in which the interparticle 
forces generated through a short-ranged depletion 
interaction are directly measured with laser tweezers, 
concomitant with characterizations of the microstructure 
and viscoelastic modulus of the gel at a specific solvent 
composition. The three challenges of imaging quality, 
sedimentation, and optical trapping strength are balanced 
by a systematic investigation of a variety of solvent 
mixtures spanning a large range of refractive index contrast 
ratios and density differences.  
II. EXPERIMENTAL METHODS 
A. Colloidal synthesis and gelation at various solvent 
compositions 
Monodisperse poly(methyl methacrylate) (PMMA) 
colloids (diameter 2a = 1.15 µm ± 3% and 2.7 µm ± 3%; 
density ρp = 1.19 g/mL; refractive index np = 1.488) 
stabilized by a grafted layer of poly(12-hydroxystearic 
acid) (PHSA) [Antl et al. (1986)] are used in this study. The 
thickness of the PHSA steric layer is 10 – 14 nm [Campbell 
and Bartlett (2002)]. PMMA colloids are dyed with 
fluorescent Nile Red to allow for direct visualization with 
confocal microscopy. Gelation is induced in particles of 2a 
= 1.15 µm by addition of monodisperse polystyrene 
(molecular weight Mw = 900,000 g/mol, Mw/Mn = 1.10) at a 
fixed concentration, c = 8.64 mg/mL. For microstructural 
and rheological characterization, gels of intermediate 
volume fraction (ϕ = 0.20) are used. Laser tweezer 
experiments are performed on a dilute system containing 
the larger PMMA particles (2a = 2.7 µm). The different 
particle sizes used for different characterization techniques 
are reconciled by dimensional scalings appropriate for 
Brownian systems [Mewis and Wagner (2012)]. 
Mixtures of cyclohexane (CH) and cyclohexyl bromide 
(CHB) at various solvent compositions are chosen for this 
study. Combining CH with CHB provides a sufficiently 
large refractive index contrast so that the traps generated by 
the laser tweezers are strong enough to measure rupture 
forces. (The most common solvents used to achieve 
buoyancy-matching in studies of colloidal suspensions, 
CHB and decalin, do not provide sufficient refractive index 
contrast for optical trapping.) These mixtures result in a 
density difference between the particles and the solvent, but 
we show that there are conditions where the sedimentation 
does not significantly affect the microstructural 
characterization or rheology. The solvents are washed with 
deionized water and filtered through a 0.2 µm 
polytetrafluoroethylene syringe filter prior to use. Table I 
shows the full range of solvent mixtures used in this study 
along with their physical properties, where wCH and wCHB 
are the mass fractions of CH and CHB in the solvents, 
respectively. The Péclet number, defined as 
 Pe = 4πΔρga
4 3kT , characterizes the ratio of single-
particle sedimentation to that of Brownian diffusion in the 
rheological and microstructural characterization 
experiments [Russel et al. (1989)]. Here 
 
Δρ = ρs − ρ p , ρs is 
the measured density of the mixed solvent (Anton Paar 
DMA 4500 M), ρP is the density of the particle, k is the 
Boltzmann constant, and 2a = 1.15 µm, the size of the 
colloids used for microstructural and rheological 
characterization. A large density mismatch also 
corresponds to a large refractive index contrast, 
 
nct = np ns , where ns is the refractive index of the mixed 
solvent. A differential refractometer (C. N. Wood Mfg. Co., 
model RF-600) is used to measure ns at a wavelength of 
546 nm and 20°C.  
Because CHB is a better solvent for polystyrene than CH, 
increasing the percentage of CH in the solvent mixture 
causes a decrease in the radius of gyration, Rg, of the 
polystyrene depletant. The change in Rg as a function of 
solvent quality consequently determines the depletion 
interaction due to its effect on c*, the overlap concentration 
of the polystyrene which dictates the strength of the 
potential. Here, 
 
c* = 3Mw 4πRg
3N A( ) , where NA is 
Avogadro's number. The values of Rg and the second virial 
coefficient representing solvent quality, A2, are measured 
using a multi-angle laser light scattering device (DAWN 
EOS, GaAs laser at 690 nm, Wyatt Technology) [Ganesan 
et al. (2013)]. The light scattered by the polystyrene at five 
different concentrations is analyzed with Zimm’s theory 
[Podzimek (2011)]. Mixed solvent effects are negligible in 
the range of solvents tested [Solomon and Muller (1996)].  
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Table I. Physical properties of CH and CHB solvent mixtures. 
 
 
B. Optical trapping experiments 
A 4W CW Nd:YVO4 near-infrared (NIR, λ = 1064 nm) 
laser (Compass 1064-4000M) is used as part of a custom-
built laser tweezer set up described previously by Shindel et 
al. (2013). Briefly, two orthogonal acousto optic deflectors 
(AOD) are used to steer the laser position in the sample, 
and back-focal plane (BFP) interferometry is used to detect 
the displacement of the particles from the center of the trap 
based on the interference pattern of the scattered and 
unscattered light that pass out of the sample. By collimating 
the laser light after it passes through the sample and 
directing it onto a quadrant photodiode (QPD), we measure 
the lateral displacement of the particles from the traps in the 
x and y directions as shown by Gittes and Schmidt (1998).   
To study the effect of index of refraction contrast on 
QPD sensitivity and trapping strength, dilute suspensions of 
PMMA particles in mixtures of CH and CHB are sealed in 
custom microscopy chambers made using a slide and 
coverslip spacers (No. 1.5) and sealed using a UV curable 
adhesive (Norland Optical Adhesive 81). A single particle 
is trapped and positioned ~35-40 µm into the sample and 
the trap is calibrated using a drag calibration technique 
[Meyer et al. (2006), Neuman and Block (2004)]. The 
microscope stage is moved at a constant velocity to impose 
a drag force on the particle. For a Newtonian solvent, the 
drag force is Fdrag = 6πηav , where η is the solvent 
viscosity and v is the solvent velocity around the particle. 
By varying v and measuring the displacement with the 
QPD, we determine the relationship between applied force 
and particle displacement. In addition to the relationship 
between force and displacement, the QPD detector also has 
a response for large particle displacements. In order to 
measure the large displacements in the drag calibration, a 
QPD response curve is needed for each solvent 
composition. To generate the QPD response curves, the 
QPD signal is recorded for discrete displacements by 
moving the trap known distances using the AOD. 
Thermal rupture forces are measured using two time-
shared optical traps with a laser power of 215 mW 
measured at the back aperture to the objective. A pair of 
PMMA particles are trapped in a mixture of CH and CHB 
(wCH = 0.37) with c = 8.64 mg/mL. One particle is held in a 
stationary trap while a second particle is brought into 
contact with the first by controlling the motion of the 
second trap. A triangle wave signal is used to control the 
motion of the second particle to ensure that the trap moves 
at a constant velocity at all points during the experiment. 
The displacement of the particle from the static trap upon 
the approach and retraction of the moving particle is 
averaged over 120 cycles and used to calculate the 
cumulative probability distribution of rupture forces by 
using trajectory averaging as described by Swan et al. 
(2012).   
The particles are imaged with a CCD camera (Hitachi, 
KP-M1AN, 30 fps) using brightfield microscopy. The 
brightness intensity of the images is normalized to a 
reference image for comparison.  
 
C. Microstructural characterization of gels 
An inverted confocal microscope (Nikon A1Rsi) 
equipped with a resonant scanner head and a high-speed 
piezo stage is used to capture the 3D structure of the gels. 
Gels are loaded into custom-built glass capillaries with 300 
µm spacers to match the gap used in the rheometer. The top 
and bottom of the capillaries are sealed using glass 
coverslips suitable for microscopy (0.17 mm thickness). 
The gels are set quiescently for 30 minutes before imaging. 
3D image stacks are taken from the bottom coverslip 
(image dimensions: 42 µm ✕ 42 µm ✕ 30 µm, voxel 
dimensions: 83 nm ✕ 83 nm ✕ 83 nm) at a speed of 15 
slices per second. After the initial image volume is 
captured, the sample is quickly flipped upside down and 
another stack of the same dimension is obtained from the 
top coverslip to assess the role of sedimentation on gel 
structure. Image processing is performed using an 
algorithm that uses a Gaussian mask to filter out digital 
noise and that identifies particle centroids based on their 
intensity maxima [Crocker and Grier (1996)]. The static 
error in the particle location is ± 20 nm in the x-y plane and 
± 31 nm in the x-z plane as determined by Dibble et al. 
(2006). 
 
D. Rheological characterization of gels 
Oscillatory rheometry is performed on a stress-controlled 
rheometer (AR-G2, TA Instruments) at T = 25°C. Colloidal 
gels are loaded onto a Peltier plate and a stainless steel 
parallel plate geometry (d = 6 cm, gap h = 300 µm) is 
lowered to the gap distance while rotating at ω = 1 rad/s to 
minimize the formation of bubbles at the sample interface. 
A parallel plate geometry is chosen to minimize 
confinement effects and a correction factor for the 
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nonhomogeneous strain rate is implemented [Soskey and 
Winter (1984)]. We analyze the strain-dependent linear 
elastic modulus for poly(ethylene oxide) standards (Mw = 
2×106 g/mol, 4 wt%) at h = 50, 100, 150, 200, 300, 400, 
and 500 µm, and for gel samples at h = 300 and 500 µm. 
The results show the absence of gap effects at h > 150 µm 
for this geometry. To reduce evaporation of the volatile 
solvent, a solvent trap is used.  The absence of slip is 
verified by comparing results of a smooth fixture and a 
fixture with a sand-blasted surface (parallel plate geometry 
d = 6 cm) [Buscall (2010)]. After sample loading, gels are 
pre-sheared unidirectionally for 1 minute (strain = 60,000, 
shear rate = 1000 s-1). Oscillatory strain sweep (fixed 
angular frequency, ω = 10 rad/s) and frequency sweep 
measurements (fixed strain amplitude, γ = 0.01) are 
performed after a waiting time of 30 minutes.  
 
III. RESULTS 
A. Study Design and Solvent Composition Parameter Space 
A successful model material should provide a 
compromise among the needs for refractive index contrast 
(for optical trapping), for refractive index matching (for 
microstructural characterization by confocal microscopy), 
and for density matching (for mechanical rheometry). The 
experimental requirements place major constraints on the 
model system: the refractive index contrast nct must be 
greater than 1 for trapping, but should also be kept as low 
as possible to maintain resolution during 3D confocal 
imaging and to reduce the Δρ which introduces 
sedimentation effects into the rheology data.  
Because the nct required by optical trapping greatly 
increases the scattering of PMMA colloids deep within the 
specimen, images captured with confocal microscopy are 
limited to a depth of field of 30 µm in the wCH range in 
which trapping is possible. This depth of field is achieved 
up to the largest nct at which confocal microscopy is 
performed (wCH = 0.64, nct = 1.045). At nct ~ 1 (wCH = 0.10), 
the depth of field is limited only by the working distance of 
the objective (110 µm). The nct requirement also means that 
a perfectly density matched system that is optimal for 
rheometry measurements (wCH = 0.16, nct ~ 1, Δρ/ρp ~ -
0.002) will not be compatible with optical trapping. To 
address these challenges and balance the conflicting 
constraints imposed on solvent composition for the three 
sets of measurements, the solvent composition is 
systematically varied, as per the systems reported in Table 
I, to search for a balance of physical properties in which 
bulk rheology, confocal microscopy, and laser tweezer 
measurements can all be performed on the same specimen.  
 
B. Athermal limit of the interparticle potential 
The derivative of the interparticle potential, U(r), 
determines the maximum athermal rupture force, fmax. The 
analytical form of U(r) is obtained from the superposition 
of the Derjaguin-Landau-Verwey-Overbeek (DLVO) 
[Russel et al. (1989)] and Asakura-Oosawa (AO) theories 
[Asakura and Oosawa (1958)] for our model system. The 
electrostatic contributions are calculated using a Debye 
length of 1.3 µm (solvent conductivity for wCH = 0.37 
mixture is 1.06 × 10-8 S/m) and a constraint on the zeta 
potential of the solvent mixtures to be ≤ 10 mV [Hsiao et 
al. (2012)]. The contact potential takes into consideration 
that the PHSA comb steric stabilizer is ~10 nm [Campbell 
and Bartlett (2002)]. We assume the stabilizer does not 
penetrate and use the slope of U(r) evaluated at r = 2a + 20 
nm to calculate fmax. At a constant polymer concentration (c 
= 8.64 mg/mL), fmax decreases with CH content because Rg 
and consequently c/c* decrease with a drop in solvent 
quality. Static light scattering measurements show that the 
second virial coefficient (a measure of polymer-solvent 
quality), A2, decreases from 2.4 × 10-6 to 1.5 × 10-6 
mL.mol/g2 as CH concentration is increased from wCH = 
0.16 to 0.84 [Fig. 1(a)], while the measured Rg decreases 
from 37 nm to 25 nm [Fig. 1(b)].  Least-squares regression 
is used to fit the change in Rg (in nm) as a function of wCH 
with the form of Rg = (-16 ± 4)wCH + (38 ± 2). This fit is 
used to compute the contribution of the depletion potential 
to fmax, the athermal force limit, which will be compared to 
the thermal rupture forces obtained from optical trapping. 
 
 
FIG. 1. Static light scattering of polystyrene in CH/CHB mixtures. 
(a) Changes in solvent quality, and (b) Rg of 900,000 g/mol 
polystyrene in the solvents used in this study. In (b), the solid line 
is a least-squares fit of the change in Rg as a function of wCH. 
Literature values of Rg in a good solvent (pure toluene) and a 
theta-solvent (pure CH) are provided for reference [Fetters, et al. 
(1994)].  
 
C. Two-particle force measurements with laser tweezers 
  Direct measurements of the interactions between 
particles using optical tweezers rely on having sufficient 
refractive index contrast with the solvent to trap and 
simultaneously detect the particle positions. The reduction 
in refractive index contrast, nct, as the concentration of 
cyclohexane (wCH) decreases can be qualitatively seen 
using bright field microscopy (Fig. 2). In this section, we 
characterize how the change in nct affects both the trapping 
strength and the QPD position detector sensitivity.  
First, we consider the position detector sensitivity. Gittes 
and Schmidt (1998) showed that the absolute detector 
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response along a single axis depends on the refractive index 
contrast according to  
 I+ − I−
I+ + I−
~ ns nct
2 −1( )
nct2 + 2
,  (1) 
where I+ and I- are the scattering intensities in the 
positive and negative directions.  As nct → 1, the trapped 
particle scatters less light and the detector response 
decreases.  
 
 
FIG. 2. Bright field microscopy images of PMMA particles (2a = 
2.7 µm) in mixtures of CH and CHB. Labels indicate the mass 
fraction of CH.  
 
The QPD response curves for different solvent 
compositions are shown in Fig. 3(a). Data at each 
composition are fit with a polynomial to obtain a 
calibration curve for the tweezer experiments that converts 
the QPD signal to displacement. A Taylor series expansion 
around zero displacement describes the linear region of the 
QPD response. Comparing the magnitudes of the slopes for 
the different solvent compositions in Fig. 3(b) shows the 
QPD dependence on refractive index contrast. The inset on 
Fig. 3(b) shows the relationship between nct and wCH as 
measured at 546 nm.  The data is then shifted to represent 
nct at the optical trapping condition (1064 nm) so that nct = 
1 at wCH = 3.5 ± 0.5% where we experimentally find that 
trapping becomes impossible.  A higher contrast at a higher 
wavelength is reasonable because the permittivity of 
hydrocarbons increases with increasing wavelength in the 
near-IR band [Israelachvili (2011)]. The refractive index is 
approximately equal to the square root of the permittivity.  
As wCH is reduced, nct → 1 and the sensitivity decreases, it 
is still possible to trap the particles, but the trapping 
conditions are marginal at wCH < 0.16 and the detector is 
not sensitive to small forces acting on the trapped particles. 
 
   
Figure 3. (a) QPD response to the displacement of PMMA 
particles (2a = 2.7 µm) from an optical trap in mixtures of CH and 
CHB. The QPD response must be outside the gray box to be 
detectable.  (b) QPD sensitivity as a function of wCH.  Inset is 
refractive index contrast as a function of wCH measured at 546 nm 
and shifted to represent contrast at trapping wavelength (1064 
nm).  The vertical dashed line marks the minimum wCH required 
for trapping.  
 
Optical tweezers use a high numerical aperture objective 
to focus a laser to a diffraction-limited spot within the 
sample. The strength of the optical trap, and thus the 
magnitude of the forces that we can measure with the laser 
tweezers, is a function of nct.  Trapping requires that nct > 1.  
For small displacements from the trap, the force exerted on 
the particle is directly proportional to the displacement. The 
proportionality constant is the trap stiffness and is 
analogous to the spring constant of a Hookean spring. As 
the force increases, the relationship between force and 
displacement becomes nonlinear and the trapping strength 
cannot be represented as a constant, as shown in Fig. 4. 
  
 
FIG. 4. Applied force as a function of displacement from drag 
calibrations at wCH = 0.84 as a function of laser power.  There are 
three replicates at each laser power.  Lines are quadratic fits to the 
data. 
 
The drag calibration is performed for different solvent 
compositions ranging between wCH = 0.10 to 0.84.  For 
reference, results for the drag calibration at wCH = 0.84 and 
laser powers of 110, 140, and 215 mW are shown in Fig. 4 
(results from other wCH values are not shown).  The first 
two terms of a Taylor series expansion around zero are used 
to calculate the trap stiffness, kT0 , for the linear region. The 
single trap stiffness kT0  is validated using an alternative 
calibration method described by Shindel et al. (2013) that is 
called sequential impulse response (SIR). The SIR 
technique is valid for small displacements and does not 
require a priori knowledge about the size of the particle or 
the viscosity of the medium. The trapping strength 
increases with laser power and nct (Fig. 5). Due to the low 
QPD sensitivity at wCH < 0.16, there are fewer data points 
composing the calibration curves and the error associated 
with   is higher.  Therefore, although the particles are nearly 
density matched for wCH < 0.16, they are poor conditions 
for accurately measuring interparticle forces.   
In order to avoid making measurements based on large 
particle displacements where both the QPD response and 
the trapping force become highly nonlinear, we limit 
measurement displacements to within 2/3 of the particle 
radius. Evaluating the drag calibration curves at a 
displacement of 2a/3 gives a conservative estimate for the 
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maximum force that can be applied. This limit determines 
the operating regime of the force measurement experiment. 
 
 
FIG. 5.  Trap stiffness of PMMA particles (2a = 2.7 µm) in 
mixtures of CH and CHB as a function of wCH measured using the 
drag calibration method at 110, 140, and 215 mW.  Error bars are 
95% confidence intervals. 
 
Using the measured trap stiffness from the drag 
calibration, we divide it in half to account for time-sharing 
the traps during the rupture force measurements. The 
resulting operating regime is shown in Fig. 6. To measure 
the thermal rupture forces with the laser tweezers, the 
maximum trapping force must be greater than fmax. This 
limit ensures that all rupture forces will be sampled. 
Therefore, low CH compositions impose a limit on the 
range of depletant polymer concentrations that can be 
studied.  Fig. 6 suggests that with the maximum laser 
operating power of 215 mW, trapping measurements in the 
CH/CHB system should be possible at wCH ≥ 0.16 with the 
depletant range set by the CH composition.  For example, at 
wCH = 0.16, forces could be measured in systems up to c ~ 3 
mg/mL, whereas at wCH = 0.47, the depletant concentration 
can be nearly 16 mg/mL. For the particular case of c = 8.64 
mg/mL (c/c* = 0.81) studied in the present case, we find 
that at maximum trapping power, measurements can be 
performed when wCH > 0.30. 
 
FIG. 6.  Operating regime for rupture force measurements.  The 
athermal force limit is calculated from the DLVO and Asakura-
Oosawa potential. The maximum trapping force was determined 
from the drag calibration method for laser powers of 110, 140, and 
215 mW. 
 
D. Microstructural characterization 
The cluster-like structures of gels produced in the 
CH/CHB solvent system are similar to those that have been 
reported for other systems with weak aggregation due to 
short-ranged attraction [Dibble et al. (2006)]. Figs. 7(a)-(c) 
show the representative images of quiescent gels in the x-y 
plane, parallel to a bounding surface, where Fig. 7(a) 
corresponds to wCH = 0.16 (Pe = -0.002), (b) corresponds to 
wCH = 0.37 (Pe = 0.132), and (c) corresponds to wCH = 0.64 
(Pe = 0.301). These images are captured at z = 10 µm above 
the bottom of the sample to ameliorate potential wall 
effects on gel microstructure.  
 
 
FIG. 7. Sedimentation of gels (ϕgel = 0.20) at different solvent 
compositions. (a-c), Representative 2D x-y plane CLSM images of 
gels with wCH = 0.16, 0.37, and 0.64; images are taken at z = 10 
µm; (d-f), representative 2D x-z plane (z = 0-30 µm) CLSM 
images of gels at the same solvent compositions; (g), φ wall as a 
function of wCH estimated from the number of particles in the x-y 
plane at z = 10 µm. Error bars shown are standard deviations of 
the mean. 
 
When wCH ≥ 0.37, the effects of sedimentation on gel 
structure are readily observed from x-z images. Fig. 7(d)-(f) 
show representative images of the gels in the x-z plane (the 
z dimension origin is defined as the bottom; z = 300 µm is 
the top coverslip). For example, compaction of the bottom 
layer from sedimentation is significant at wCH = 0.64 [Fig. 
7(f)]. This compaction is quantified by measurement of the 
near-wall volume fraction, ϕwall, which is defined as the 
number of particles found in a thin region centered at z = 10 
µm, divided by the volume of that region given by the 
length and width of the image and a thickness equal to the 
particle diameter (42 µm × 42 µm × 1.15 µm). For 
comparison, the homogeneous (as prepared) volume 
fraction of these specimens is ϕgel = 0.20, and this value 
would be expected for the sedimentation-free condition 
[Guo and Lewis (2000)]. Fig. 7(g) shows the change in ϕwall 
as a function of the amount of CH in the mixture, where an 
increasing amount of CH results in a larger Δρ/ρ and Pe. At 
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wCH = 0.37 (Pe = 0.132), the value of ϕwall increases to 
0.234 ± 0.006 and supports the visual observations of 
compaction through sedimentation. Experimental error of 
ϕwall from instrument limitations and image processing are 
~ 10% of the mean value. Thus, we consider values of ϕwall 
≥ 0.22 to be cases where a significant amount of 
compaction has arisen due to sedimentation.  
This type of compaction is reminiscent of delayed 
sedimentation in weakly aggregated gels with short-ranged 
attractions [Sedgwick et al. (2004)] but in our case we 
observe a sudden, rapid settling at a fixed waiting time at 
wCH ≥ 0.37 as opposed to a critical sedimentation time 
scale. It is interesting to note that the Péclet number in our 
case is quite high, but a stable gel structure is maintained at 
a fixed waiting time of 30 minutes with minimal 
sedimentation effects on the microstructure. For example, 
recent literature for thermoreversible adhesive hard spheres 
report a critical gravitational Péclet number, Peg, of 0.01 or 
less for stable gels [Kim et al. (2013)]. This Péclet number 
also compares sedimentation to Brownian diffusion with 
added effect of percolation in gel networks. (We do not 
work with fractal gels in our system.) Regardless, when we 
substitute system-specific variables and assume a DLCA 
limit for fractal gels (df ~ 1.8) [Allain et al. (1995)], we find 
that the Peg of the system at wCH = 0.37 is ~ 4, which is far 
greater than the critical criterion for stability. This suggests 
that delayed sedimentation does occur in our system, but 
not at the time scale of the experiment for samples at wCH ≤ 
0.37. 
 
E. Linear and nonlinear rheology of gels 
Colloidal gels produced in solvents of different wCH 
display variable rheology that depends on a number of 
factors: (i) sedimentation propensity due to differences in 
the degree of density matching; (ii) van der Waals 
attraction due to differences in the dielectric spectra of CH 
and CHB; (iii) depletion attraction due to solvent-quality 
induced change in the radius of gyration of polystyrene.  
Specifically, as a result of the decrease in nct when wCH 
decreases, the van der Waals attraction between particles 
decreases. However, the van der Waals interaction at 
contact is negligible (< 10-4 pN at all rheological 
experimental conditions) compared to the change in the 
depletion attraction caused by the increase in Rg (~100 pN). 
Gravitational sedimentation is an additional factor that 
complicates the understanding of the rheological 
phenomenon. Here, we use information gained from 
confocal microscopy to delineate the region in which 
sedimentation is the dominant factor contributing to the 
rheological phenomena.  
The linear viscoelasticity of the gels is reported as a 
function of frequency [Fig. 8] for different wCH. The slopes 
of the frequency-dependent elastic and viscous moduli, 
G'(ω) and G"(ω), are characteristic of the solid-like 
properties of the gels [Larson (1999)]. For viscoelastic 
samples, a large slope corresponds to liquid-like behavior. 
At the gel point, the samples become sufficiently solid-like 
such that G'(ω) and G"(ω) should only be weakly 
dependent on ω [Chambon and Winter (1987); Rueb and 
Zukoski (1998)]. The frequency sweep data shows that gels 
become weaker in strength as wCH increases, consistent 
with the decrease in both c/c* and Rg, which affect the 
strength of the depletion attraction (see Table I).  
 
FIG. 8. Linear oscillatory frequency sweep dataset for gels with 
wCH = 0.16, 0.20, 0.28, 0.37, 0.47, 0.58, and 0.64. Closed symbols 
represent G’ and open symbols represent G”.    
 
In Fig. 8, sedimentation effects do contribute to the 
decrease in the frequency-dependent moduli, but these 
effects cannot be easily distinguished from those due to the 
solvent-quality induced change in attraction strength. The 
strain-dependent viscoelasticity of the gels provides a much 
clearer picture [Fig. 9] of the role of sedimentation. A 
gradual decrease in the plateau value, G', is observed from 
wCH = 0.16 to 0.37 [Fig. 10(a), from (1) to (4)]. For wCH > 
0.37 [Fig. 10(a), from (4) to (5)], G' decreases much more 
rapidly. This sharp decline in the elastic modulus can be 
attributed to gel detachment from the rheometer geometry, 
consistent with observations of compaction [Fig. 10(b-k)]. 
This correspondence suggests that at conditions of large 
density mismatch (Pe > 0.132), the gel strength is 
insufficient to maintain sample integrity, and the collapse 
of the gel results in a fluid layer at the top of the sample and 
compaction of particles at the bottom [Figs. 10(j) and (k)]. 
 
 
FIG. 9. Linear oscillatory strain sweep dataset for gels with wCH = 
0.16, 0.20, 0.28, 0.37, 0.47, 0.58, and 0.64. Closed symbols 
represent G’ and open symbols represent G”.  
 
This fluid region acts as a slip layer in the rheometer that 
reduces the elastic modulus in a manner that is far more 
significant than the decrease in gel strength due to the 
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decrease in depletion attraction [Mewis and Wagner 
(2012)]. We therefore conclude that of the three potential 
contributions to the variability in G’ with wCH, the effect of 
density mismatch is the most significant when wCH > 0.37. 
The sedimentation effects limit measurements of rheology 
in this system to wCH ≤ 0.37 for the particular case of 
depletion concentration c = 8.64 mg/mL studied here. 
 
 
FIG. 10. Visualization of sedimentation and effect on linear 
rheology. (a) Linear strain-dependent G’ as a function of wCH. 
Dashed and dotted lines separate the two different regimes. Error 
bars shown are standard errors of the mean from seven 
independent measurements of one sample at wCH = 0.64. 
Representative 2D x-z confocal images of gels at (b,c), wCH = 
0.16, (d,e), wCH = 0.20, (f,g), wCH = 0.28, (h,i), wCH = 0.37, and 
(j,k) wCH = 0.64. (b-j) show the z = 270 to 300 µm and (c-k) show 
z = 0 to 30 µm for the gels. In (a), (1) refers to the measured 
rheology at a gelation condition corresponding to (b,c), (2) = (d,e), 
(3) = (f,g), (4) = (h,i), and (5) = (j,k). 
 
IV. DISCUSSION 
Although maximizing the refractive index contrast nct 
enhances trapping strength and therefore allows 
characterization of thermally induced rupture, the resultant 
refractive index and density mismatch complicates confocal 
microscopy and rheology experiments. The solvent that is 
density matched with PMMA (wCH = 0.16), and therefore 
optimal for confocal microscopy and rheology, has very 
low index contrast (nct = 1.007) that reduces the resolution 
of the force measurements with the laser tweezers to 
unacceptable levels.  We show that the detector sensitivity 
is significantly reduced at wCH	   ≤ 0.16 as nct → 1 with a 
decrease in trapping strength. The maximum trapping 
strength sets the range of wCH where forces can be 
measured for a selected depletant concentration.  For c = 
8.64 mg/mL, interparticle forces can be measured at wCH > 
0.30, whereas compaction from sedimentation occurs at 
wCH ≥ 0.37, complicating microscopy and rheological 
measurements. The intersection of these two constraints 
indicates that wCH = 0.37 is an optimal condition at which 
there is sufficient optical trapping strength and detector 
sensitivity for two-particle force measurements with 
minimal deleterious effects on microstructural 
characterization and rheological measurement.   
A complete characterization of rupture force, gel 
microstructure, and linear viscoelasticity using this new gel 
system involving CH and CHB is therefore possible at wCH 
= 0.37 and c = 8.64 mg/mL (Fig. 11). This particular gel 
(ϕgel = 0.20, c/c* = 0.81) has a cluster-like structure that is 
typical of weak depletion gels [Fig. 11(a)] [Dibble et al. 
(2006)], as seen in a broad contact number distribution, 
p(z), with a mean contact number, ‹z›, of 5.39 ± 0.06 [Fig. 
11(b)]. The solvent of the gel has a refractive index contrast 
of nct = 1.029, which is sufficiently high for measuring 
interparticle forces. The cumulative probability distribution 
of a pair of particles being bonded as a function of applied 
force is shown in Fig. 11(c). At low applied forces, there is 
a high probability that the particles will still be bonded, but 
the distribution decays for higher applied forces. For a 
normal distribution, the force at which 50% of the bonds 
have broken, f50, corresponds to the peak in the probability 
density function and is the most frequently measured 
rupture force.  The f50 value calculated from the rupture 
force distribution for this gel is 3.3 ± 0.5 pN.  The forces 
where 5% and 95% of the bonds are still bonded set a range 
of forces describing the width of the distribution. The high 
end of that distribution is f05 = 4.8 ± 0.9 pN, which is 
approximately equal to the calculated athermal rupture 
force (fmax = 4.6 ± 0.4 pN), demonstrating that we have the 
ability to measure the maximum possible pair bonding 
force expected in this gel. While the particle sizes need to 
be smaller for resolvable rheological characterization, the 
difference between the viscoelasticity and measured 
thermal forces can be reconciled through the effects of 
particle diameter on depletion and Brownian motion 
[Mewis and Wagner (2012)].  
The linear and nonlinear rheological properties of the gel 
are shown in Figs. 11(d)-(f). Fig. 11(d) shows the 
frequency-dependent elastic and viscous moduli, G'(ω) and 
G"(ω). The moduli are weakly dependent on ω, which is 
typical for gels with arrested dynamics. Fig. 11(d) shows 
that G'(γ) and G"(γ) cross over at the rheological yield 
strain, γc = 0.016. The yield strain indicates a critical point 
after which further deformation results in a significant 
fluidization of the sample. The yield stress, defined by 
τ y = γG ' [Yang et al. (1986); Koumakis and Petekidis 
(2011)], shows a first peak at the onset of nonlinear elastic 
response [Fig. 11(f)], which is typically seen for colloidal 
gels undergoing bond breaking [Koumakis and Petekidis 
(2011)]. For this particular gel, the value of τy is 0.04 ± 0.01 
Pa. We do not observe a distinct second yield strain that 
corresponds to cage breaking in this sample [Koumakis and 
Petekidis (2011)]. 
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FIG. 11. Characterization of a model colloidal gel (wCH = 0.37, c = 
8.64 mg/mL, 2a = 1.15 µm). (a) 2D x-y image of the gel at z = 10 
µm; (b) 3D contact number distribution p(z), where the dotted line 
is the mean contact number, ‹z›; (c) Cumulative probability 
distribution of rupture forces between PMMA particles (2a = 2.7 
µm) calculated from 120 rupture cycles.  The highlighted forces 
mark the range in which 5% and 95 % of bonds are bonded.  The 
inset shows where the force distribution fits on the trapping 
operating regime.  The dashed lines mark the 95% confidence 
intervals around the athermal limit due to uncertainty in Rg.  (d) 
Frequency-dependent viscoelasticity and (e) strain-dependent 
viscoelasticity.  Closed symbols represent G’(ω) and G’(γ) and 
open symbols represent G”(ω) and G”(γ). (f) Elastic yield stress of 
gel with the arrow indicating the first yield stress, τy.  
 
 
 
 
V. CONCLUSIONS 
We have introduced a new model depletion gel in which 
the interparticle forces, microstructure, and rheology can all 
be measured. The system uses CH and CHB as the solvent 
mixture so as to balance the constraints imposed by optical 
trapping, confocal microscopy, and rheometry. At a weight 
ratio of wCH = 0.37, the refractive index contrast (nct = 
1.029) is sufficient to allow measurement of forces as high 
as 6-7 pN, yet low enough to enable confocal imaging of 
the microstructure. The density difference between the 
PMMA and the solvent (Δρ/ρp = 0.102) is sufficiently small 
that sedimentation does not significantly impact rheological 
measurements at short experimental time scales.   
This new system serves as a tool for studying the 
relationship between microscopic properties and the 
rheology of depletion gels. Current micromechanical 
models rely on the athermal force limit calculated from 
theory to predict yielding behavior. Our force 
measurements show that there is a distribution of rupture 
forces that result in bond breakage. The way to account for 
the force distribution in order to explain yielding behavior 
or microstructure rearrangements is not yet available; 
however, measurements of the kind described here are a 
precondition to generating such understanding. Although 
the bond strength is directly related to the yield stress in 
colloidal gels, the consequences of the coupling between 
the distribution of interparticle forces and the collective gel 
structure is less clear for other linear and nonlinear 
rheological properties. This model system will enable 
future exploration of the connection between the 
microscopic interparticle forces and linear and nonlinear 
rheology of colloidal gels with short-ranged attractions.  
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